A number of all-optical signal processing schemes based on nonlinear optical effects have been proposed and demonstrated for use in future photonic networks. Since various modulation formats have been developed for optical communication systems, all-optical converters between different modulation formats will be a key technology to connect networks transparently and efficiently. This paper reviews our recent works on alloptical modulation format conversion technologies in order to highlight the fundamental principles and applications in variety of all-optical signal processing schemes.
Introduction
Internet traffic is increasing year-by-year, and annual global IP traffic is forecasted to reach 3.3 zettabytes by 2021 [1] . Internet communications systems will need 10-Tb/s optical interfaces working in 1-Pb/s optical transport systems by 2024 [2] . Researchers have focused on development and innovations of transmission technology that will increase the transmission capacity of optical communication systems. In the recent decade, digital coherent technology and space division multiplexing technology have innovatively increased transmission capacity. In particular, remarkable development of digital coherent technologies has greatly accelerated research on multi-level modulation formats. In backbone and metropolitan networks, conventional transmission systems based on the on-off keying (OOK) format have been gradually replaced by 100-Gb/s or 400-Gb/s transmission systems that employ quadrature-phase-shift-keying (QPSK) and quadrature amplitude modulation (QAM) formats [3] , [4] . Moreover, pulse-amplitude modulation (PAM) and discrete multitone (DMT) formats using intensity modulation and direct detection (IM/DD) schemes are also expected to serve as the main modulation formats for short reach optical links such as 5G mobile fronthauls, and data center interconnects [5] , [6] . The modulation format for a particular network is chosen depending on the properties of optical network, such as network size, transmission capacity, and baud rate.
On the other hand, it is essential to develop signal processing technologies for network nodes that will support the adoption of advanced transmission technologies. Alloptical signal processing is a promising technologies for the realization of elastic and power-efficient all-optical photonic networks [7] . A number of all-optical signal processing schemes have been designed to exploit nonlinear optical effects in optical fibers or semiconductor optical amplifiers (SOAs). Table 1 summarizes representative examples of all-optical signal processing schemes classified by nonlinear optical effects [7] - [22] . There are several types of nonlinear optical effect [23] , [24] : self-phase modulation (SPM), cross-phase modulation (XPM), and four wave mixing (FWM) arising from third-order nonlinear susceptibility χ (3) in optical fibers or a change of carrier density in SOAs. Cross-gain modulation (XGM) is also caused in SOA. Phonon oscillation in optical fibers leads to stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS). Optical solitons, supercontinuum (SC) generation, and parametric amplification (PA) can be understood as byproducts of χ (3) nonlinear effects in optical fibers. When using these nonlinear optical effects for signal processing, nonlinearities must be induced selectively and efficiently, and unwanted nonlinear effects must be suppressed.
For all-optical signal processing, a range of advanced devices and materials has been studied, such as silicon waveguides [25] , periodically poled lithium niobate (PPLN) waveguides [26] , and photonic crystals [27] . We concentrate on highly nonlinear fiber (HNLF) and SOA as nonlinear optical devices in this paper because they are used most widely. The relevant properties HNLF and SOA are summarized in Table 2 . HNLF offers a better response time. On the other hand, SOA offers better photonics integration and device compactness. Although conventional SOA has had limitations of operation speed, the response time has significantly improved by development of quantum dot (QD)-devices [28] .
In this paper, we focus on all-optical modulation format conversion, which will be essential for connecting the different kinds of modulation format transparently. Our recent studies on conversions from OOK to binary phase shift keying (BPSK) and multi-level modulation format are reviewed below to explain the fundamental principles and design of the modulation format converter. In Sect. 2, we introduce the basic principle of the modulation format conversion from OOK to BPSK based on XPM, which is the most basic functional block in a modulation format converter. In Sect. 3, we describe how to design high-performance OOK to multi-level modulation format converter, and we introduce examples of several converters. Section 4 presents the advanced applications in which modulation format converters can be used for photonic networks. Finally, Sect. 5 concludes the discussion.
Basic Principle of Modulation Format Conversion
In this section, we introduce the principles of OOK/BPSK modulation format converters, which are the most basic functional blocks. XPM can be used to convert amplitude modulation to phase modulation, and the detailed mechanisms of this conversion are explained below.
SOA-Based OOK/BPSK Format Converter
Figure 1 (a) shows a schematic diagram of OOK/BPSK format conversion using Mach-Zehnder interferometer (MZI) as an SOA [14] . The basic configuration is almost the same as that of the conventional SOA-MZI wavelength converter [29] , except for the level of the bias current at each SOA: the bias current of SOA#2, which is used as an output power adjuster, is considerably lower than that of SOA#1. Non-return-to-zero (NRZ)-OOK signal pulses at a wavelength of λ 0 are launched into the upper arm of the MZI as control pulses. A return-to-zero (RZ)-clock pulse sequence at λ 1 and continuous wave (CW) light at λ 2 are launched into both arms of the MZI as probe pulses and as assist light, respectively. In SOA#1, the carrier density is varied according to the amplitude of the control pulse, and the phase and amplitude of the probe pulse are changed after passing through SOA#1 because of XPM and XGM, respectively. E 1 and E 2 are the amplitudes of the probe pulse after passing through SOA#1 with no control pulse (corresponding to logical "0") and with a control pulse (corresponding to "1"), respectively. The current levels of SOA#2 and the SOAbased phase shifter are adjusted so that the probe pulse takes an overall phase-shift of "π" and amplitude of (E 1 − E 2 )/2 on the lower arm. Without a control pulse, the probe pulse has the phase of "0" and the amplitude of E 1 after passing through SOA#1, and the phase and amplitude of the converted signal observed at the output of SOA-MZI are, respectively, "0" and (E 1 + E 2 )/2 because of the anti-phase interference. When the control pulse is present, the probe pulse has the phase of "π" and amplitude of E 2 after passing through SOA#1. The phase and amplitude of the converted signal observed at the output of the SOA-MZI are, respectively, "π" and (E 1 + E 2 )/2 because of the in-phase interference. Thus, the NRZ-OOK data signal can be converted to an RZ-BPSK data signal. The assist light is launched to suppress the rapid change of carriers, which induces frequency chirp and amplitude fluctuation.
The proposed OOK/BPSK conversion was demonstrated experimentally with a monolithically integrated SOA-MZI and 10.7 Gb/s pseudorandom binary sequence (PRBS) of length 2 31 − 1. Figure 1 (b) shows eye diagrams for a 10.7 Gb/s converted signal with and without the assist light. With assist light, an RZ pulse train was clearly observed. On the other hand, we observed overshooting at the leading edge of the pulse without assist light because of pattern effect. A clear eye opening appears after the balanced receiver in Fig. 1 (c) . Figure 1 (d) shows the obtained bit-error rate (BER) of the converted signal with and without assist light. We can see that an error-free operation was achieved with the assist light. The received sensitivity of the converted signal with assist light is improved by 2.9 dB at BER of 10 −9 because of the balanced detection, which suggests that there is no power penalty due to the conversion. The above mentioned results reveal that the NRZ-OOK signal can be converted into an RZ-BPSK signal with using SOA-MZI. Furthermore, the suitable dispersion tolerance of a converted RZ-BPSK signal for long-haul transmission up to ±500 ps/nm has been reported [14] .
The phase change of the probe pulse because of XPM is caused by the change of the carrier density in SOA. When analyzing an SOA, the SOA is generally divided into multiple sections and the following rate equation for the carrier density [30] is used, considering the fields in each section:
where N is the carrier density, J is the injection current density, d is the active layer thickness, τ is the carrier lifetime, g m is the material gain, I is the injected light intensity, E is the photon energy, and S t is the average amplified spontaneous emission (ASE). Subscript i indicates the different sections and superscript x (= c, p, and a) denotes the control, probe and assist light, respectively. The nonlinear phase change Δφ i , arising from carrier density-induced changes in the refractive index, is given by [24] 
The parameter ΔL is the cavity length of a divided section, Γ is the confinement factor, and Δn N is the rate of change of the refractive index in the active region concentrated carriers. The material gain g m i is proportional to the carrier density N i and all other parameters are constants. Therefore, the nonlinear phase change in the SOA is proportional to the sum of the carrier-density changes in the divided sections. In the case of our proposed OOK/BPSK converter, the phase of the RZ pulse train is changed affected by the carrier-density changes arising from the NRZ-OOK signal input. The nonlinear gain change, namely XGM, is also caused by carrier density changes. The optical gain G i of section i is given by 
The total gain through SOA is product of optical gains of all sections. The gain of the RZ pulse train is also changed affected by the NRZ-OOK signal input. Therefore, output power will need to be adjusted when we use SOA for OOK/BPSK modulation format conversion.
HNLF-Based OOK/BPSK Format Converter
Figure 2 (a) shows a schematic diagram of OOK/BPSK format conversion using HNLF [13] . An RZ pulse sequence and an NRZ-OOK signal are synchronously launched into the HNLF as a probe pulse and a control pulse, respectively. The phase of the probe pulse is modulated by XPM that is driven by the control pulses. XPM is induced by variation in the the refractive index Δn NL , which is associated with the third-order nonlinear susceptibility χ (3) [23] . Δn NL is given by
where n 2 is the nonlinear refractive index, A eff is the effective mode area, and P (x) is the optical power. Superscripts x (c and p) distinguish between the control and probe pulses. The variation in the fiber's propagation constant β, namely, Δβ, is proportional to Δn NL such that
Here, k 0 = 2π/λ is the wave number in a vacuum, and γ = k 0 n 2 /A eff is the nonlinear coefficient of the optical fiber.
Since the optical phase shift increases linearly with distance z, the nonlinear phase shift φ NL is given by
where
in exp(−αz) accounts for the fiber loss α, and L eff is the effective interaction length of the HNLF. Therefore, the phase change of the probe pulse due to XPM Δφ, is described by
Equation (7) shows that the phase change of the probe pulse is proportional to the peak input power of the control pulse. The peak power of the control pulse is adjusted so that the phase change of the probe pulse affected by the control pulse Δφ becomes "π". After passing through the HNLF, the probe pulse has two different phases, "0" or "π", depending on the control pulse signal. Therefore, an NRZ-OOK signal can be converted to an RZ-BPSK signal. 10 Gb/s error-free operation with a clear eye opening was has been demonstrated experimentally, as shown in Fig. 2 
(b).
Other methods for OOK/BPSK conversion using XPM in a single SOA have been proposed [31] , including nonlinear optical loop mirrors (NOLMs) [32] , silicon microring resonators [33] , and passive waveguides [34] .
Conversion to Multi-Level Modulation Format
Generally speaking, a highly functional system can be designed by combining basic functional blocks in series or parallel. Figure 3 (a) illustrates the basic concept of the serial configuration. The relation between the input and output optical electric fields of the functional blocks, E (A) in , E (B) in and E out , is expressed as
where f A (E 1 ) and f B (E 1 , E 2 ) represent the input-output functions of functional blocks A and B, respectively. Equation (8) indicates that the serial configuration can express the composition of functions A and B. Figure 3 (b) shows the general concept of the parallel configuration of functional blocks. The relation between the input and output optical electric fields of the functional blocks is expressed as
Equation (9) indicates that the parallel configuration sums up the output electrical fields of the functional blocks. Figure 4 illustrates examples of the serial configuration, for an OOK/QPSK converter and an OOK/4 amplitude and phase shift keying (APSK) converter. The OOK/QPSK converter is constructed with an OOK/BPSK converter and an π/2 phase modulator serving as functional blocks A and B, respectively. In this arrangement, the converted QPSK signal is not a gray code. An OOK/4APSK converter can be realized by implementing an OOK/BPSK converter and an amplitude modulator as functional blocks A and B, respectively. The serial configuration is suitable if functional blocks A and B are different. By connecting more functional blocks in series, M-ary PSK and APSK signals can be generated. Figure 5 shows examples of the parallel configuration of functional blocks. OOK/QPSK (4QAM) converters and OOK/16QAM converters can be designed with two OOK/BPSK converters and two OOK/QPSK converters configured in parallel as functional blocks A and B, respectively. The electric field output is determined by the interference of the electric field output from functional blocks A and B. The QPSK signal is generated by orthogonal multiplexing of two BPSK signals. The 16QAM signal can be obtained by multiplexing two QPSK signals with small and large amplitudes. As shown in the above examples, the parallel configuration is suitable for converters in which functional blocks A and B have the same function like the two OOK/BPSK converters shown in Fig. 5 (a) . By configuring more functional blocks in parallel, a 2 M -QAM signal can be composed from M channels of OOK signals.
Next, we introduce several examples of converters that change multi-channel OOK signals to multi-level modulation formats: M-ary PSK, APSK, and QAM.
3.1 Serial Configuration 3.1.1 OOK to M-ary PSK Conversion Figure 6 shows the schematic diagram of the OOK/M-ary PSK modulation format converter based on serial-connected HNLF. The channel k NRZ-OOK signal is launched into each k-th HNLF as control pulse k. In this scheme, the phase change of the output probe pulse because of XPM Δφ is described by
where Δφ (k) is the phase change of the probe pulse that is induced by control pulse k. γ (k) and L (k) eff are the nonlinear coefficient and the effective interaction length of HNLF k respectively. The peak power of control pulse k (P k ) is adjusted so that the probe pulse phase change induced by control pulse k (Δφ k ) is kept at π/2 k−1 . After passing through all HNLFs, the probe pulse has 2 K different phases, depending on the combination of control pulses. Therefore, NRZ-OOK signals can be converted to RZ-2 K -ary PSK signal. When K is 1, 2 and 3, the converted signals are RZ-BPSK, RZ-QPSK and RZ-8PSK signals, respectively. The same wavelength for all NRZ-OOK signals from 1 to
is available because the NRZ-OOK signals are separated by optical band-pass filters (OBPFs). However, this modulation format converter requires many optical components, including many HNLFs and OBPFs. Therefore, we have proposed another design for OOK/M-ary PSK modulation format conversion that only uses an HNLF. The proposed design is illustrated in Fig. 7 [13] . In this scheme, parallel K-channels of NRZ-OOK signals are launched simultaneously into an HNLF as control pulses. The phase change of the probe pulse caused by XPM Δφ is represented by
Equation (11) indicates that the phase change of the probe pulse is proportional to the summation of the peak power of K control pulses. After passing through the HNLF, the probe pulse has 2 K different phases. The parameters of the HNLF limit the possible number of modulated phases in the converted signal because of FWM and walk-off between probe pulse and control pulses. We have reported a design method of wavelength allocation of input OOK signals in [35] .
A more advanced PAM4 to QPSK modulation format converter, based on the design of an OOK/QPSK converter using HNLFs, has also been reported [36] .
OOK to APSK Conversion
APSK is a modulation format that combines ASK and PSK. The OOK/APSK modulation format converter is built from functional blocks for phase and amplitude modulation. Figure 8 shows the schematic diagram for OOK/8APSK con- version [22] . In HNLF 1, a probe pulse is modulated to the QPSK format using the OOK/QPSK converter based on HNLF as described in 3.1.1. The converted QPSK signal after passing through HNLF 1 and NRZ-OOK signal 3 are launched into the HNLF 2 simultaneously. In HNLF 2, the converted QPSK signal is converted to 8APSK format via PA in HNLF 2. In our experience, the parameters of the HNLF 2 and NRZ-OOK 3 signals were chosen so that the peak power of the converted QPSK signal can be amplified effectively by co-propagation with the NRZ-OOK 3 pulse. In concrete term, parameters should be chosen so that the dispersion parameter of HNLF 2 is close to "0" and wavelengths of the QPSK and the NRZ-OOK 3 signals are similar, in order to decrease the difference in the propagation constants of the QPSK and NRZ-OOK 3 signals.
As another example, another lab has demonstrated an all-optical modulation format converter from ASK and QPSK to 8QAM using the FWM effect in HNLF [37] . Figure 9 (a) shows a schematic diagram of the OOK/QPSK modulation format converter that uses parallel SOAMZIs [38] . The basic configuration consists of an SOA-MZI OOK/BPSK modulation format converter (SOA-MZI#1) on the upper arm and another SOA-MZI#2 with a phase shifter connected in tandem on the lower arm. NRZ-OOK data signals 1 and 2 with a wavelength of λ 0 are launched into the upper arm of the MZI (port 1) and the lower arm of the MZI (port 3), to serve as control pulses 1 and 2, respectively. An RZ-clock pulse sequence with wavelength λ 1 is launched into the MZI (port 2) as a probe pulse. According to the NRZ-OOK data "1" or "0", the phase of the probe pulse after it passes through SOA-MZI#1 shifts by either "0" or "π". On the other hand, when data signal 2 is either "0" or "1", the probe pulse has a phase of "π/2" or "−π/2" after passing through the SOA-MZI#2 because of the π/2 phase shifter. After passing through SOA-MZI#1 and #2, the probe pulses have equal peak power and cause orthogonal interference in each combination of control pulses 1 and 2. The probe pulse at the output has the same peak amplitude as the incoming signals because of this orthogonal interference and has four different phases depending on the combination of control pulses 1 and 2. This process converts NRZ-OOK data signals into RZ-QPSK data signals. A 20 Gb/s errorfree operation with clear eye openings in both channels 1 and 2 was also experimentally demonstrated as shown in Fig. 9 (b) . Channel 1 and 2 are the outputs of the 1-bit delay interferometer with Δπ/4 and −Δπ/4 phase shifters at the differential QPSK receiver. We reported a reasonable dispersion tolerance up to ±295 ps/nm in the converted RZ-QPSK signal [38] . High-speed QPSK signal generation using photonic-integrated parallel SOA-MZIs at a bit rate of 173 Gb/s has also been demonstrated by another research group [39] .
Parallel Configuration

OOK to QPSK Conversion
Another example of all-optical BPSK/QPSK conversion using a conventional delay-line interferometer has been studied [40] . In this scheme, the input BPSK signal is demultiplexed into a pair of BPSK signals. Then, the two BPSK signals are combined by a delay interferometer and converted into a QPSK signal.
OOK to 16QAM Conversion
Figure 10 (a) shows a schematic diagram of the OOK/ 16QAM modulation format converter with parallel SOAMZIs [41] . The basic configuration consists of an SOA-MZI NRZ-OOK/RZ-QPSK format converter (#1) on the upper arm and another NRZ-OOK/RZ-QPSK format converter (#2) on the lower arm. The upper-arm RZ-QPSK signal is generated by orthogonal interference between the two RZ-BPSK signals. In the OOK/16QAM format converter on the lower arm, NRZ-OOK signals 3 and 4 are converted to a second RZ-QPSK signal. Finally, the RZ-16QAM signal is generated by coupling the two RZ-QPSK signals at a 4 : 1 power ratio [43] . Figure 10 (b) shows our simulation results in the form of the calculated eye diagram and a constellation map of the converted 16QAM signal. A clear eye opening and a well-defined 16QAM constellation map were observed at a bit rate of 40 Gb/s. This method has the disadvantage that the required number of SOA is increased by the number of multi-level signals involved. Another method for OOK/16QAM conversion that uses only 5 SOAs has been proposed [42] . Integration with photonic components and the experimental demonstration of this designs performance have not yet been reported. Figure 11 shows the configuration of an OOK/16QAM modulation format converter that consists of a NOLM with a 1 : 2 coupler [44] . We mark the four ports of the 1 : 2 as couplers 1, 2, 3, and 4, as shown in Fig. 11 . This converter has a 1 : 2 power-splitting ratio, and the phases of the coupled output signal and the through-output signal are separated by 90
• . Port 3 serves as the input port. When a probe pulse is launched into the NOLM through the coupler, it will be split into two pulses from ports 1 and 2. These split probe pulses travel through the loop clockwise and counter-clockwise. The clockwise OOK signals 1 and 2 are used to modulate the probe pulse into QPSK 1 via XPM in the HNLF, as shown in Fig. 11 . On the other hand, the counter-clockwise OOK signals 3 and 4 are used to modulate QPSK 2. The nonlinear phase changes of the clockwise and counter-clockwise probe pulses, Δφ C and Δφ CC , are induced by XPM between the co-propagating OOK signals. They are described with the following equations:
where P OOKi denotes the peak powers of the OOKi signals. The peak powers of the OOKi signals are adjusted with OOK/QPSK converter that was described in 3.1.1. The clockwise and counter-clockwise probe pulses are converted to QPSK 1 and QPSK 2 signals, respectively. Therefore, the output signal is the superposition of two QPSK signals at a power ratio of 1 : 2. Finally, the converted 16QAM signal is generated at the output of the converter. This NOLM configuration of the OOK/16QAM converter can be replaced by the MZI configuration shown in Fig. 12 . The probe pulses, divided into the upper and lower branches of the MZI, correspond to the clockwise and counter-clockwise probe pulses in the NOLM. This correspondence is related to how the OOK/16QAM modulation format converter is constructed by arranging two OOK/QPSK converters in parallel. However, the properties of the HNLFs in the upper and lower MZI branches must be identical. Since it is difficult to prepare two HNLFs with identical lengths, nonlinear coefficients, and losses, the NOLM configuration is more suitable for realizing an OOK/16QAM modulation format converter. Numerical and experimental demonstrations of this arrangement have also been reported [44] , [45] . However, the output 16QAM Table 3 shows a comparison of the all-optical modulation format converters introduced above. SOA-based converters have the advantages of low optical input power and small size because SOA offers high gain and high nonlinear coefficients. The main technical limitation of SOA-based converters is operation speed, as evidenced by the 25 GSymbol/s QPSK and 16QAM transmission systems that have already been deployed for practical use [3] , [4] . Owing to recent developments of SOA components with QD technology, high-speed operation over 40 GSymbol/s using photonicintegrated parallel MZIs has been reported [39] . SOA-based modulation format converters are therefore suitable for application to optical communication systems presently in use.
Performance of Modulation Format Converter
HNLF-based converters are superior in operation speed. Symbol rates over 80 or 160 GSymbol/s are possible because the response time of χ (3) nonlinear effects is several femtoseconds. Therefore, HNLF-based converters are suitable for use in future high-speed photonic networks. The main technical problems with HNLF-based converters are the long device size and high-optical-power operation because the nonlinear effects in the fibers come at a great cost to efficiency. To further improve these devices, development of silicon waveguides [25] and photonic crystals [27] , will be needed as substitutes for HNLF materials to increase the nonlinear coefficient. Conversion to the multi-level format of 16QAM, which is the largest number of multi-level signals in current practical use, can be realized using parallel configurations based on either SOA or HNLF components.
Application in Future Photonic Networks
All-optical modulation format converters can also be used for other applications in future photonic networks. This section explains those applications and how the nonlinear modulation format converter is useful for them. Figure 13 shows a schematic diagram of the data flow in a wavelength division multiplexing (WDM) multicast network. The communication network has been evolved from point-to-point transmission to point-to-multi-point transmission. The demand for this technology has been strengthened by increasing popularity of the streaming television, video-conferencing, and the like. The point-to-multi-point network structure can drastically reduce traffic capacity. Optical layer multicasting has been studied, and several alloptical wavelength-multicasting schemes have been proposed [46] , [47] to meet the increasing demand for widely distributed Internet traffic. For the example of the WDM multicasting system illustrated in Fig. 14 , the all-optical OOK/BPSK modulation format converter holds promise for use at the first edge node in future photonic networks if OOK and BPSK formats have been adopted for access network and metro-ring network, respectively.
WDM Multicasting
We introduce the wavelength-multicasiting schemes accompanied with all-optical OOK/BPSK modulation format converters described in Sect. 2. Figure 15 (a) shows a schematic diagram of an all-optical wavelengthmulticasting scheme using SOA-MZI OOK/BPSK converters [48] . An NRZ-OOK signal pulse with a wavelength of λ 0 is launched into the upper arm of the MZI as a control pulse. Multi-wavelength RZ pulse sequences with λ 1 − λ N are launched into both arms of the MZI as N probe pulses. The phases of all RZ pulse sequences with λ 1 − λ N are then changed depending on the presence or absence of the NRZ-OOK signal. The phase modulated RZ pulse sequences with λ 1 − λ N are analyzed in each wavelength channel by an arrayed waveguide grating (AWG). Finally, the NRZ-OOK signal pulse at λ 0 is converted to RZ-BPSK signals at wavelengths of λ 1 − λ N . Figure 15 (b) shows the experimental data that confirm the system's error-free operation for fourchannel multicasting at a bit rate of 10 Gb/s. Figure 16 shows another wavelength-multicasting method based on HNLF components [49] . In the same way as that of SOA-based multicasting, N-channel BPSK signals can be generated using HNLF-based OOK/BPSK converters. Note here that the number of channels is mainly limited by the effects of FWM and walk-off due to fiber dispersion. For example, the difference in wavelengths between the NRZ-OOK signal and RZ pulse sequence should be over 7 nm in order to avoid unexpected PA in the case of the HNLF material that we tested. We assume that the operation bandwidth is limited to the C-band (1530-1565nm) by the bandwidth of the erbium-doped fiber amplifier (EDFA) material. The RZ pulse sequence should be allocated in the remaining 28 nm of the bandwidth within the C-band. In this case, the maximum number of multicasting wavelength channels is limited to 35 when the wavelength interval is 0.8 nm (100 GHz). Moreover, a power penalty occurs is likely to arise because of walk-off at the outermost wavelength channel.
Network Coding
In optical multicasting communication systems, the optical signal is branched by an optical splitter in relay node, and the optical signal is then forwarded to multiple paths as required. This arrangement offers the advantage that the transmitted optical signal is not converted to an electrical signal so that it is not limited by the processing speed of an electrical circuits. However, any optical multicasting communication system faces a major challenge. Figure 17 illustrates examples of optical multicasting and network coding. In the typical optical multicasting network shown in Fig. 17 (a) , two wavelength channels are required in order to prevent the signals from colliding. The major problem that this arrangement introduces is that the maximum flow cannot be achieved when the multicasted signals have the same wavelength. The signal collision occurs in the system of Fig. 17 (b) when signals of the same wavelength arrive at the same relay node. To construct a more efficient optical multicasting communication system, the network coding technique has been proposed [50] . An example of network coding is shown in Fig. 17 (c) . Network coding is a technique to encode signals with logical operators relating multiple signals. The exclusive or (XOR) operator can serve this purpose. Using network coding increased throughput is achieved by reducing the number of steps needed to transmit the signal. Moreover, it is possible to reduce the number of signal wavelengths needed because the signals are multiplexed within a single wavelength. Network coding also offers security advantages in that the original signal is difficult to extract from the encoded signal. However, if the optical signal is converted into an electrical signal for the encoding at the relay node, the processing speed is again limited by the electrical circuit. Therefore, all-optical network coding without optical-electrical conversion is needed [51] . All-optical network coding requires all-optical logical gates, such as XOR gate, for the encoding operations. Figure 18 (a) shows a schematic diagram of an XOR gate using SOA-MZI [52] . NRZ-OOK signals 1 and 2 are launched into ports 1 and 3, respectively. An RZ pulse sequence is launched as a probe light into port 2. In the SOA, the refractive index is modulated because of XPM induced by the NRZ-OOK signals. The intensity of the probe light is simultaneously reduced by XGM. By properly choosing the injection current, the phase of the probe light is changed "π" by XPM. The output signals from SOA 1 and 2 are coupled at port 4. This coupled signal is the result of the XOR logical operation between the two channel NRZ-OOK signals. This design was used to test the feasibility of all-optical XOR gates. Figure 18 (b) shows the experimental results for a fixed input pattern in which "001111" is repeated. The NRZ-OOK 2 signal was delayed by 3 bits from NRZ-OOK 1. The data shows that the input signal of NRZ-OOK 1 and the output of the second-stage XOR are equivalent as binary data. Therefore, the cascading operation of the XOR gates as A = B ⊕ (A ⊕ B) was successfully demonstrated. This operation includes optical decoding because the original data A was obtained from data B and data A ⊕ B [52] . Since the optical signal is converted to an electrical signal at the receiver end in any case, electrical decoding can also be used instead of optical decoding. The XOR gate described above can be applied for all-optical network coding.
Conclusions
All-optical modulation format conversion is important for the implementation of networks that adopt the different modulation formats transparently and efficiently. This article has reviewed our recent studies on modulation format conversions from OOK/BPSK and multi-channel OOK to multi-level formats using HNLF and SOA in order to show the fundamental principle and the design of the modulation format converter. In several studies, we have found that a highly functional system for OOK to multi-level modulation format conversion is possible with the serial or parallel combination of basic functional blocks. Advanced applications with WDM multicasting and network coding based OOK/BPSK converters hold great promise for elastic photonic networks to be deployed in the near future. Since the development of the modulation format for optical communication systems is still open for discussion, research on alloptical modulation format conversion will be continued.
